Tungsten inert gas welding remains the most widespread, relatively easy and versatile method for manufacture of the structures of titanium alloys. Welding can be performed in different spatial positions and equipment can be sufficiently fast readjusted at change of joint type and thickness of metal being welded. Aim of present work lies in study and comparison of a structure and mechanical properties of fully-penetrated metal of high-strength titanium alloys with dispersion hardening and without it, produced using argon-arc method. It is shown that in comparison with titanium alloy VT23 an experimental dispersion-hardened alloy has higher strength indices of fully-penetrated metal, however ductility and impact toughness are extremely low, therefore this type of welding and heat treatment is not recommended for it. Structural high-strength titanium-based alloys due to their unique characteristics, such as high specific strength at keeping satisfactory ductility and high corrosion resistance, have found wide application in aircraft and rocket construction as well as gas-turbine engine production. Thus, for example, a frame design of modern passenger aircrafts has by mass around 15 % of complexly-alloyed titanium alloys and that for military aircrafts makes up to 40 %. Further development of aircraft and rocket engineering requires significant increase of service properties of titanium alloys. One of the ways to rise the ultimate strength of such alloys is dispersion hardening of metal due to precipitation of disperse particles from solid solution [1] [2] [3] [4] [5] .
Structural high-strength titanium-based alloys due to their unique characteristics, such as high specific strength at keeping satisfactory ductility and high corrosion resistance, have found wide application in aircraft and rocket construction as well as gas-turbine engine production. Thus, for example, a frame design of modern passenger aircrafts has by mass around 15 % of complexly-alloyed titanium alloys and that for military aircrafts makes up to 40 %. Further development of aircraft and rocket engineering requires significant increase of service properties of titanium alloys. One of the ways to rise the ultimate strength of such alloys is dispersion hardening of metal due to precipitation of disperse particles from solid solution [1] [2] [3] [4] [5] .
Tungsten inert gas welding is still one of the most widespread, relatively easy and versatile methods for manufacture of the structures of titanium alloys [6] .
In addition to experimental (a + b)-alloy (close on composition to known Ti-1008 [7] (Table 1) , the investigations were also carried out on structure, phase composition and mechanical properties of argon-arc welded joints of commercial high-strength alloy VT23. It is medium (a + b)-alloy of martensite class, which transfers from b-phase to martensite form after quenching. This alloy differs from other by increased process ductility that allows using rolling, milling, drawing, stamping, flanging and other operations, related with shaping in process of part manufacture [8] .
Rise of alloy doping level promotes for increase of their sensitivity to welding thermal cycle and danger of welded joint brittle fracture due to reduced ductility. Two-phase titanium (a + b)-alloys considerably increase strength characteristics after aging and quenching. However, high strength of these alloys, with few exceptions, is impossible to realize in the welded structures, that is caused by difficulties, appearing in process of quenching and aging of the structures, and specifically by reduced ductility of welded joints in thermally-hardened state [9] .
Aim of this investigation lies in study of effect of TIG welding method on weldability of titanium alloys with dispersion hardening. The results of examination of structure, phase composition and mechanical properties of pilot alloy base metal are described in details in work [7] .
Welding heating was carried out by tungsten non-consumable electrode (no filler wire) without full penetration of metal. Welding current made 350 A, welding rate was 10 m/h and 12 V arc voltage. Table 1 shows composition of examined alloys. Microstructure of a fully-penetrated metal of experimental alloy No.6 represents coarse elongated grains normal to fusion line ( Figure 1 ). The structure and phase composition are determined by argon-arc welding thermal cycle (Figure 2) .
Microhardness of the fully-penetrated metal made 3680 MPa, whereas, it reduced to 3430 MPa in HAZ metal, and then in the direction to base metal its value increased to 4010 MPa. SEM examination on SCIENTIFIC AND TECHNICAL JAMP9500F unit discovered that the weld disperse particles of complex silicides, which were detected in experimental alloy base metal [7] , were virtually almost diluted in process of metal penetration, due to what their identification was impossible. Some amount of nanoparticles of titanium alumosilicides was found along grain boundaries (Figure 3, a) . It explains reduction of microhardness in the fully-penetrated metal in comparison with the base metal.
Alternation of 150 mm width bands without particles and around 83 mm width bands with significant amount of disperse particles (Figure 3, b) is observed in fusion area of the fully-penetrated metal with the base metal of given specimen. This is the area where the main phase transformations take place (temperature range 890-1668 °C in Figure 2 ). Microhardness of this area near fusion line makes 3730 MPa, that is, apparently, related with presence of hardening particles of titanium alumosilicides in place of microhardness measurement.
Considerable increase of particle amount is observed in HAZ metal in contrast to fully-penetrated metal structure. Size of complex silicide particles varies from 50 nm to 1 mm. They are mainly uniformly located in the grain body as well as along the boundaries. Shape of grains approaches to equilibrium, forming triple boundary in the top of their contact (Figure 4) .
The most uniform distribution of particles and the maximum microhardness (up to 4010 MPa) are observed in the base metal. These particles are also located in the grain body as well as along the boundaries. Size of the particles varies in 70-150 nm range ( Figure 5 ).
Volume fraction of the particles was calculated using STIMAN software. As was shown above, the particles are virtually absent in the weld. Their volume fraction made 0.9 % along the fusion line. Their size and amount in HAZ metal increased to 1.4 % and that in the base metal made 1.9 %.
An area, containing all structural constituents, was taken for qualitative determination of phase composition. Table 2 shows composition of disperse hardening particles, a-phase and b-phase of the experimental alloy welded joint. The characteristic spectra were collected from areas for analysis, indicated in Figure 6 . 
SCIENTIFIC AND TECHNICAL
The results of micro X-ray analysis show that analysis of spectra 1 and 2 was carried out in areas of complex silicides (increased content of silicon and zirconium), that in spectrum 3 in area of b-phase (high content of heavy elements of niobium, molybdenum and vanadium, which differ by light coloring on SEM image), and spectrum 4 in area of a-phase with higher aluminum content, respectively. 
Simulation of post-weld furnace heat treatment (HT) was carried out after examinations of structure and phase composition of fully-penetrated metal of experimental alloy. The following heating mode was used, namely to 1000 °C (1 hour), cooling to 600-650 °C (1 hour) with further cooling to room temperature.
Microstructure of the fully-penetrated metal of experimental alloy after HT represents itself the same coarse elongated grains as before HT, but there was a crack in the fully-penetrated metal (Figure 7) .
Microhardness of the fully-penetrated metal makes 3860 MPa, whereas it decreases in HAZ metal to 3600-3200 values, and rises insignificantly to 3580 MPa value in the base metal. Thus, the fully-penetrated metal after HT is characterized by maximum hardness and strength, but at the same time low ductility that results in crack formation.
After heat treatment the area of fully-penetrated metal contains significant amount of uniformly located hardening disperse particles of different size (Figure 8 ) that provides for increased value of microhardness in comparison with HAZ and base metal.
The particles of smaller size and in lower amount were found in HAZ. The particles of coarser size are Figure 6 . Electron image of analysis areas of energy dispersive spectrometry (EDS), ×20000 
observed in the base metal. Volume fraction of particles in the area of fully-penetrated metal makes 1.9 %, that in HAZ is 1.7 %, and 2.1 % in the base metal. This, probably, indicates that the large amount of particles in the fully-penetrated metal grows in size due to high temperature during HT process. Their volume fraction in the base metal is somewhat higher due to their size coarsening. Examinations of grain boundaries and composition of the particles of experimental alloy after HT were carried out on scanning electron high resolution microscope TESCAN MIRA 3 LMU with OXFORD INSTRU-MENTS INCA ENERGY + microanalysis system.
Significant accumulation of the hardening spherical particles is observed along the boundaries of weld grains. Their sizes are varied in wide limits, i.e. from 50 nm to 1 mm (Figure 9, a) . Coagulated silicides were also found ( Figure 9, b) along the boundaries. Such conglomerates along the grain boundaries promote large internal stresses that can be a possible reason of crack formation.
The results of examinations of the fully-penetrated experimental two-phase alloy were compared with the results of examination of commercial alloy VT23. 
Macrostructure of the fully-penetrated metal of alloy VT23 has virtually no difference from macrostructure of the experimental alloy (Figure 10, a) . The same elongated coarse grains normal to fusion line ( Figure  10, b) are observed. Microhardness of the area of fully-penetrated metal makes 3550-3560 MPa. The areas of coarse grain, but of more equilibrium type (Figure 10, c) are also observed at transfer in HAZ. Microhardness in HAZ metal rises to 3750-3950 MPa values. The base metal of VT23 welded joint contains a two-phase structure (Figure 10, d) with microhardness value of around 3200 MPa. Such a distribution of microhardness is related with the fact of formation in the fully-penetrated metal and HAZ metal of metastable a′′-phase of martensite type, which differ by high hardness. Besides this, precipitation of a l -phase (low-temperature modification of a-phase), which is more ductile [10] , takes place in the fully-penetrated metal.
Examinations of structure of the fully-penetrated metal of commercially developed alloy VT23, made using SEM TESCAN MIRA 3 LMU, showed that the area of fully-penetrated metal, HAZ and base metal has pure grain boundaries without embrittling precipitations, pores and microcracks ( Figure 11) .
Analysis of composition of VT23 alloy fully-penetrated metal (Table 3 in Figure 11 ) was carried out in the same way as in the case of experimental alloy.
The fully-penetrated metal of titanium alloys No.6 and VT23 after argon-arc welding simulation was subjected to tensile and impact tests. The results of mechanical tests are given in Table 4 .
Specimen of alloy No.6 was broken in a grip place in tensile testing of the cylinder specimens. This, probably, is related with the fact that all loading falls at the area with microcracks. Due to this non-typical for given alloy low strength was received. Therefore, additional compression tests were carried out (testing machine UTM-100 with maximum loading 100 kN). The results of mechanical compression tests are given in Table 5 .
Thus, the ultimate strength of the fully-penetrated metal was received in compression testing and it makes 80 % of base metal ultimate strength (K t = 0.8), and yield strength of the fully-penetrated metal was even larger than the base metal indices.
Fracture surface after impact tests of Charpy specimens in the area of fully-penetrated metal represents itself a local area, formed on microchip mechanism (Figure 12) . Its presence indicates a quasi-brittle nature of this metal area fracture. The microcracks can be seen at larger magnifications ( Figure 13) .
The same as in the case of microsection examination, no disperse particles of titanium alumosilicides were found on the fracture surface. This verifies an earlier expressed idea that these particles are partially melted and can not be identified due to high temperature and duration of argon-arc process. It is agreed with the possibility of invertible flow of dispersion mechanism [11] . Composition of the fully-penetrated metal area corresponds to matrix content, and the particles are not found.
After HT of alloy No.6 fully-penetrated metal, it was also subjected to mechanical impact and tensile Figure 11 . Image in backscattered electrons of microstructure of grain boundary in the VT23 weld, ×30000 
tests. Small magnifications show the chip areas with equiaxial coarse grain structure ( Figure 14) . If large magnifications revealed only microcracks directly after argon-arc welding simulation, than in this case secondary intergranular cracks can be obviously observed even at 500 fold magnification. This indicates high sensitivity of this alloy to HT heating.
At large magnifications considerable amount of disperse hardening particles as well as microcracks were found. They are located along the boundaries and grain body. In HT the particles increased in size to values which can be identified using SEM. They are located in the fracture pits that indicate more ductile fracture type of metal. Low level of ductility of this material can be related with increase of amount and extension of microcracks due to temperature gradient in HT heating. Detected particles have different size from 1 mm to 50 nm. Nature of particle distribution and chemical analysis of phase constituents are presented in Figure 15 and in Table 6 (on Figure 15, a) .
The results of chemical analysis show that all the particles, which are detected on the fracture surface after HT are titanium alumosilicides. HT promotes for rise of their size to 50 nm and more.
Fractographic analysis of the fracture surface was also carried out after mechanical tests of commercial high-strength alloy VT23.
The fracture surface is less brittle in comparison with experimental alloy (Figure 16 ) that verifies higher indices of impact toughness and ductility.
Thus, the following can be concluded after examination of the fully-penetrated metal of experimental dispersion-hardened (a + b)-titanium alloy and commercial high-strength (a + b)-titanium alloy VT23, received by TIG:
• directly after welding simulation, hardening titanium alumosilicides in area of the fully-penetrated metal are partially dissolved due to long-term effect of high temperature, i.e after TIG the fully-penetrated metal of experimental alloy is not dispersion-hard- 
ened, but contains solid-solution hardening. Besides, the microcracks, caused by post-weld stresses, are observed at larger magnifications;
• coarsening of the hardening particles due to coagulation processes takes place after HT. These particles promote for more ductile fracture on pit tear mechanism. The microcracks increase in size and amount and result in crack in the middle of the fully-penetrated metal. This takes place due to temperature gradient in HT heating;
• in comparison with commercial high-strength (a + b)-titanium alloy VT23, experimental dispersion-hardened alloy has higher indices of strength, but extremely low ductility and impact toughness, therefore this type of welding and HT can not be recommended for it.
